Abstract. Hepatocellular carcinoma (HCC) is one of the most common malignant tumours and it carries a poor prognosis due to a high rate of recurrence or metastasis after surgery. Bmi-1 plays a significant role in the growth and metastasis of many solid tumours. However, the exact mechanisms underlying Bmi-1-mediated cell invasion and metastasis, especially in HCC, are not yet known. In the present study, we sought to evaluate the expression of Bmi-1 in HCC samples and its relationship with clinicopathological characteristics and prognostic value, we also investigated related mechanisms underlying Bmi-1-mediated cell invasion in HCC. Our results showed that Bmi-1 is upregulated in HCC tissues compared to matched non-cancer liver tissues; and its expression is positively associated with tumour size, metastasis, venous invasion and AJCC TNM stage, respectively; multivariate analysis showed that high expression of Bmi-1 was an independent prognostic factor for overall survival. In addition, the shRNAmediated inhibition of Bmi-1 reduced the invasiveness of two HCC cell lines in vitro by upregulating phosphatase and the tensin homolog deleted on chromosome 10 (PTEN) expression, inhibiting the phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway and downregulating the expression and activities of matrix metalloproteinase (MMP)-2 and MMP-9 and vascular endothelial growth factor (VEGF). These data demonstrate that Bmi-1 plays a vital role in HCC invasion and that Bmi-1 is a potential therapeutic target for HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and lethal cancers in the world and is the second leading cause of cancer-related death in China (1) . Despite remarkable progress in HCC diagnosis and treatment, the prognosis of patients with HCC remains very poor due to the high rate of intrahepatic and distant metastasis after resection or transplantation (1) . The 5-year survival rate is limited to 25-39% after surgery and systemic therapy with cytotoxic agents provides marginal benefit (2) . Therefore, the discovery of molecules and/or signal transduction pathways essential to the carcinogenesis and malignant behaviour of HCC cells, especially their invasion and metastasis, is important for improving the prognosis of HCC patients.
B cell-specific Moloney murine leukaemia virus insertion site 1 (Bmi-1), a member of the Polycomb family (PcG) of proteins, which repress the transcription of their target genes via an epigenetic mechanism (3) (4) (5) , was originally identified as an oncogene cooperating with c-Myc in a murine lymphomagenesis model (6) . Subsequent studies identified the essential role of Bmi-1 in embryonic development and the maintenance of self-renewal of both normal and malignant human mammary stem cells (7) . Bmi-1 also regulates cellular processes including cell cycle progression, apoptosis and senescence as well as immortalisation by repressing the INK4A locus, which encodes two tumour repressor proteins, p16
Ink4a and p19 Arf (mouse homologue of human p14 ARF ) (8) and inducing telomerase activity (9) . In addition, there is accumulating evidence that Bmi-1 is overexpressed in a variety of human malignant neoplasms, such as melanoma (10) (11) , bladder cancer (12) , pancreatic cancer (13) and HCC (14) (15) (16) . Furthermore, Bmi-1 is involved in tumour development and progression and is associated with a poor prognosis (17) . For example, Bmi-1 expression is significantly correlated with nodal involvement, distant metastasis and clinical stage of colon and gastric cancers (18, 19) . Overexpression of Bmi-1 was associated with the invasion of nasopharyngeal carcinomas and predicted poor survival (20) . Inhibition of Bmi-1 leads to decreased invasion of cervical cancer cells (21) . Taken together, these data strongly indicate that Bmi-1 contributes to more aggressive behaviour of cancer cells, particularly with respect to invasion and metastasis. However, the exact mechanisms by which Bmi-1 mediates tumour cell invasion and metastasis, especially in HCC, remain largely unknown.
In the present study, we examined the expression profile of Bmi-1 in patients with HCC and compared Bmi-1 expression with clinicopathological parameters by immunohistochemical analysis. We also determined the survivals and prognostic value of Bmi-1 expression for HCC patients by Kaplan-Meier method and Cox proportional hazards model. Finally, we evaluated the effects of Bmi-1 depletion on the invasive behaviour of HCC cell lines in vitro and investigated potentially related mechanisms. None of the patients received radiotherapy or chemotherapy before routine surgery. All of the specimens were fixed in 10% buffered formalin solution and embedded in paraffin and consecutive 4-µm-thick sections were cut.
Materials and methods
Immunohistochemistry. Paraffin-embedded sections were deparaffinised with xylene, rehydrated and then immersed in 3% hydrogen peroxide solution for 10 min to inhibit endogenous peroxidase activity. For antigen retrieval, slides were boiled in 0.01 mol/l sodium citrate buffer (pH 7.0) for 10 min in a microwave oven. After being blocked with 1% bovine serum albumin (BSA), the sections were incubated with mouse monoclonal anti-Bmi-1 antibody (1:50, Abcam, Hong Kong, China) at 4˚C overnight. Following incubation with biotinylated secondary antibody, a streptavidin-biotin complex/ horseradish-peroxidase was applied. Finally, antibody binding was visualised with 3, 3'-diaminobenzidine (DAB) and counterstained with hematoxylin. The primary antibody was replaced by PBS in negative controls. Two pathologists who were blinded to the clinical and histopathologic outcomes evaluated the results of the staining independently. The Bmi-1 expression was scored for staining intensity and extent of involved tissue. The staining intensity was scored as 0 (no staining), 1 (weakly stained), 2 (moderately stained), or 3 (strongly stained). The extent of staining was scored as 0 (<5%), 1 (5-25%), 2 (26-50%), or 3 (>50%), according to the percentage of positively stained cells. The sum of the intensity and extent scores was used as the final staining score ranging from 0 to 9. We defined Bmi-1 expression according to the final scores as follows: 0-1, negative; 2-9, positive.
Cell culture. Three human hepatocellular carcinoma cell lines, HepG2, SMMC-7721 and MHCC97-H and a normal hepatocyte cell line, HL-7702, were obtained from American Type Culture Collection (Manassas, VA, USA) and were maintained in DMEM medium (Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) at 37˚C in a humidified chamber with 95% air and 5% CO 2 .
Construction of lentiviral vectors and transfection.
Lentivirus vectors for human Bmi-1 small hairpin RNA (shRNA) encoding a green fluorescent protein (GFP) and a puromycin resistance gene were constructed, packed and purified by GeneChem Corp. (Shanghai, China). Bmi-1 shRNA was designed according to the human Bmi-1 mRNA sequence (GenBank accession no. NM_005180). The shRNA target sequence was 5'-CGGAAAGTAAACAAAGACAAA-3' and a negative control shRNA was provided by GeneChem. Cells were seeded in 24-well plates overnight before transfection for a target confluence of 30-50%. For transfection, according to the MOI value (number of lentiviruses:number of cells), the appropriate amounts of lentiviruses mixed with medium containing polybrene were added to the cells. After 24 h of transfection at 37˚C, the medium was replaced by fresh DMEM medium containing 10% FBS. Three days after transfection, cells were selected with 2 µg/ml puromycin for 3 days and harvested for subsequent studies.
RNA extraction and quantitative real-time PCR. Total RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Total RNA (1 µg) was reversetranscribed into cDNA using the Primescript RT reagent kit (Takara, Japan) in accordance with the manufacturer's instructions. Bmi-1 expression levels were quantified by real-time quantitative polymerase chain reaction (PCR). Bmi-1 mRNA levels were standardised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference housekeeping gene. The forward primer for Bmi-1 was 5'-GCTTCAAGATGGCCGC TTG-3'; the reverse primer was 5'-TTCTCGTTGTTCGATGC ATTTC-3'. The forward primer for GAPDH was 5'-GCACCGT CAAGGCTGAGAAC-3'; the reverse primer was 5'-TGGTGA AGACGCCAGTGGA-3'. Quantitative real-time PCR was performed in a Bio-Rad iCycler IQ™ 5 (Bio-Rad, Hercules, CA, USA) with SYBR Master Mix (Takara) according to the manufacturer's instructions. Each reaction was performed in a final volume of 20 µl containing 2.0 µl of appropriately diluted cDNA, 1.0 µl (10 µM) of forward and reverse primers specific for human Bmi-1 or GAPDH, 10 µl of SYBR Premix Ex Taq and 6.0 µl of water. The cycling conditions were as follows: a denaturation step at 95˚C for 3 min; 40 cycles of denaturation at 95˚C for 10 sec, specific annealing at 59˚C for 30 sec and elongation at 72˚C for 30 sec. At the end of the cycles, the temperature was raised to 95˚C for 1 min. The melting curve was achieved by first cooling samples to 55˚C for 1 min, followed by 81 cycles (30 sec/cycle) in which the temperature was raised by 0.5˚C per cycle to a maximum temperature of 95˚C.
Protein extraction and western blot analysis. Cells were lysed in ice-cold RIPA lysis buffer containing 50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 5 mM EDTA, 1 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF and 1 mM Na 3 VO 4 and then centrifuged at 20,000 g for 30 min at 4˚C to remove debris. Protein concentrations were determined by a BCA assay (Pierce, Rockford, IL, USA). Equal amounts of cell lysate protein were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinyl difluoride (PVDF) membranes. Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with Tween-20 for 1 h, then incubated overnight at 4˚C with specific primary antibodies. Primary antibodies against Bmi-1 were purchased from Abcam and primary antibodies against MMP-2, MMP-9, VEGF, PTEN, Akt, p-Akt and GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The membranes were next incubated with horseradish peroxidaseconjugated secondary antibodies and then developed with an enhanced chemiluminescence detection system (Amersham Life Science, Piscataway, NJ, USA) according to the manufacturer's instructions.
Invasion assay in vitro.
Transwell cell culture chambers (8-µm pore size; Millipore, Billerica, MA, USA) were used for in vitro invasion assays. The upper side of the filter was covered with Matrigel (Collaborative Research Inc., Boston, BD, USA) (1:3 dilution with DMEM free of serum) before the assays. Cells (5x10 5 ) were serum-starved for 24 h and then transferred in 350 µl serum-free DMEM to the upper chamber and DMEM with 15% fetal bovine serum was added to the lower chamber as a chemoattractant. The cells were incubated under normoxic conditions for 24 h. Cells on the upper side of the filter were removed and cells that remained adherent to the underside of the membrane were fixed in 4% formaldehyde and stained with 0.5% crystal violet for 10 min. For pharmacological inhibition assays with LY294002, cells were pre-treated for 2-4 h and the treatment continued during the invasion experiment. Finally, the number of invasive cells was counted in ten contiguous fields of each sample and the average was determined.
ELISA assay. An enzyme-linked immunosorbent assay (ELISA) (Amersham, Buckinghamshire, UK) was used to quantify the individual activities of MMP-2, MMP-9 and VEGF. The samples were thawed on ice and all reagents were equilibrated to room temperature; assays were carried out according to the manufacturer's instructions.
Statistical analysis. The data are expressed as the means ± SD. Correlations between clinicopathological variables and Bmi-1 expression were analysed with Pearson's χ 2 tests. Survival curves were calculated using the Kaplan-Meier method and compared using the log-rank test. The Cox proportional hazard model was carried out to explore the value of clinicopathological factors and Bmi-1 expression on survival. Variance analysis between groups was performed by one-way ANOVA and the significance of differences between control and treatment groups was tested using Dunnett's multiple comparisons test. All statistical analyses were performed using the SPSS software package (SPSS, Chicago, IL, USA). P<0.05 was considered statistically significant.
Results
Overexpression of BMI-1 in HCC tissues. We evaluated 62 tissue specimens from HCC patients by immunohistochemistry for Bmi-1 expression. Consistent with previous reports (14) , Bmi-1 protein was mainly observed in neoplastic epithelial cell nuclei. Positive staining for Bmi-1 protein was observed in 46.8% (29/62) of HCC tissues. By contrast, no staining or only weak staining was observed in normal liver tissues. Staining of representative samples is presented in Fig. 1 .
Overexpression of Bmi-1 was associated with the progression of HCC. We compared Bmi-1 expression with the clinicopathological parameters of 62 patients to investigate the clinical significance of Bmi-1 expression during hepatocyte carcinogenesis. As shown in Table I , there was no correlation between the expression of Bmi-1 and certain clinical features, such as age, gender, tumour location, histological grade, satellite lesions, tumour number and AFP level. However, Bmi-1 expression was strongly associated with tumour size, metastasis, venous invasion and AJCC TNM stage. This result indicated a correlation between Bmi-1 expression and HCC invasion and metastasis.
High Bmi-1 expression is associated with the adverse prognosis of HCC and is an independent prognostic factor. To evaluate the overall survival rate of HCC patients in relation to Bmi-1 expression, we carried out Kaplan-Meier survival analysis and log-rank test. The result demonstrated that patients with positive Bmi-1 expression had a significantly shorter 5-year survival rate than patients with negative levels of Bmi-1 expression (P<0.001, log-rank test; Fig. 2) .
A univariate Cox regression analysis showed that the overall survival was directly influenced by metastasis, venous invasion, satellite lesions, AJCC TNM stage and Bmi-1 protein expression (Table II) . To determine the relative importance of each variable, multivariate Cox regression analyses were performed. Multivariate analysis revealed that expression of Bmi-1 (P<0.001, HR = 5.095; 95% CI, 2.169-11.969), metastasis (P<0.001, HR = 18.163; 95% CI, 4.854-67.968) and venous invasion (P=0.034, HR = 3.083; 95% CI, 1.091-8.711) were independent prognostic factors for overall survival in patients who have undergone curative resection for HCC (Table II) . Table I . Relationship between Bmi-1 expression and clinicopathological varibles of patients with HCC. (Fig. 3 ). Among these 3 HCC cell lines, HepG2 cells are the least invasive, SMCC-7721 is moderately invasive and MHCC97H cells are the most invasive (22) . Our results showed that the invasive abilities of these cells were consistent with their Bmi-1 expression (Fig. 3) . This finding indicated that the upregulated levels of Bmi-1 may play a role in invasive behaviour.
A shRNA vector that co-expresses GFP was generated for stable and efficient Bmi-1 reduction in HCC cells and the transfection efficiency was assessed by fluorescence microscopy. Almost all HepG2 and MHCC97-H cells were successfully transduced with lentivirus shRNA vector ( Fig. 4A and B) . These results confirmed that Bmi-1 shRNA was successfully introduced into the HepG2 and MHCC97-H cells.
As shown in Fig. 4C -F, endogenous Bmi-1 mRNA and protein levels were significantly reduced in HepG2 and 
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Suppression of Bmi-1 repressed invasion of HCC cells in vitro.
Because high Bmi-1 expression was positively associated with venous invasion (P= 0.009) and metastasis (P= 0.025), we further determined whether Bmi-1 was involved in the invasion and metastasis of HCC. To examine whether suppression of Bmi-1 in HCC cell lines affected their invasive properties, we conducted transwell invasion assays in vitro. The numbers of HepG2 and MHCC97-H cells transfected with Bmi-1 shRNA vectors invading through the filter were markedly lower than the number of the negative control groups and mock groups ( Fig. 4G and H) . Bmi-1 knockdown dramatically inhibited the invasiveness of HepG2 and MHCC97-H cells.
Suppression of Bmi-1 decreased the expression of MMP-2, MMP-9 and VEGF.
Because Bmi-1 knockdown inhibited HCC cell invasion, we also investigated its effect on metastasisrelated genes. MMP-2, MMP-9 and VEGF play important roles in cancer invasion and metastasis (23), including HCC (22) . We determined the protein levels of these three genes by western blotting after transfection. As shown in Fig. 5A , transfection of HepG2 and MHCC97-H cells with Bmi-1-shRNA vectors reduced MMP-2, MMP-9 and VEGF protein levels. We confirmed the effect of Bmi-1-shRNA on MMP-2, MMP-9 and VEGF levels by ELISA. As shown in Fig. 5B -G, Bmi-1 knockdown in HCC cells significantly decreased MMP-2, MMP-9 and VEGF levels. These data indicate that the effects of Bmi-1 on invasion may be mediated by MMP-2, MMP-9 and VEGF.
Suppression of Bmi-1 increased PTEN expression and decreased p-Akt expression.
One previous report indicated that Bmi-1 can downregulate the transcription of PTEN (24). Therefore, we investigated whether PTEN was upregulated in HCC cells with Bmi-1 knocked down. As shown in Fig. 5H , PTEN levels were increased in HCC cells with Bmi-1 knockdown compared to the mock groups and the control groups. These results demonstrated that PTEN was upregulated by Bmi-1 silencing. PTEN is a tumour suppressor with phosphatase activity that can inhibit tumour metastasis via negative regulation of the PI3K/Akt pathway (25) . Moreover, the PI3K/Akt signalling pathway is known to play a major role in signalling pathways responsible for the invasion and migration of various cancers (26) . Furthermore, PTEN regulates the expression of MMPs and VEGF in HCC (27) . Upregulation of Bmi-1 can activate the PI3K/Akt pathway (24) . Therefore, we considered that Bmi-1 participates in the invasion and metastasis of HCC by activation of the PI3K/Akt pathway. To test this hypothesis, we examined the levels of phosphorylated Akt and total Akt. Western blot analyses showed less phosphorylated Akt in HCC cells with Bmi-1 knockdown compared to the negative control groups and mock groups but no change in the total amount of Akt. This experiment demonstrated that knockdown of Bmi-1 inhibited the Akt pathway (Fig. 5H) .
To further study whether Bmi-1 participates in the invasion and metastasis of HCC cells via PI3k/Akt pathway, HepG2 and MHCC97-H cells were treated with the highly specific PI3K/Akt pathway inhibitor LY294002. LY294002 (10 µM) alone reduced HCC cell invasion. However, treatment with LY294002 in HCC cells with Bmi-1 knockdown did not further reduce the invasion ability compared to HCC cells treated with LY294002 alone or HCC cells with Bmi-1 knockdown alone ( Fig. 5I and J) . These results suggested that Bmi-1 may promote HCC cell invasion through the activation of the PI3K/ Akt pathway with subsequent regulation of MMP-2, MMP-9 and VEGF expression.
Discussion
HCC is the fifth most common malignancy in the world and the third most common cause of cancer-related death (28) and the high recurrence rate of intra-hepatic and distant metastasis is a major obstacle to improving the survival of patients with HCC (1). Therefore, it is vital to clarify the mechanisms and identify key factors underlying invasion and metastasis to develop novel treatments and cures. In this study, we identified and functionally characterised Bmi-1 as an important player in HCC progression. Our study demonstrates that Bmi-1 is overexpressed in HCC tissue and cells and its overexpression contributes to invasion and metastasis by increasing the expression of MMP-2, MMP-9 and VEGF via the PTEN/ PI3K/Akt pathway. Recently, many studies have revealed that Bmi-1 is upregulated in a variety of human malignancies and is involved in tumour invasion and metastasis. In breast cancer, overexpression of Bmi-1 is associated with lymph node involvement and distant metastasis (29) . In addition, in colon cancer, Bmi-1 expression is significantly correlated with nodal involvement, distant metastasis and clinical stage (18) . In this study, we examined the Bmi-1 expression in HCC samples and corresponding non-cancer liver tissues. We found that Bmi-1 was significantly overexpressed in HCC tissues compared with matched normal liver tissues, which is consistent with previous reports (14, 15) . Of note, a previous study reported that Bmi-1 was also positively expressed in surrounding non-cancer liver tissues and cirrhotic liver but not in distant normal liver tissue (16) , which suggested that Bmi-1 might play a role in the early stages of HCC. We determined that overexpression of Bmi-1 was strongly associated with tumour size, metastasis, venous invasion and AJCC TNM stage, while it was not correlated with other clinicopathological parameters, such as age, gender, tumour location, histological grade, satellite lesions, tumour number and AFP level. Our study suggests that Bmi-1 may participate in late progression and aggressive biological behaviour of HCC. Our results were consistent with those of Sasaki et al (15) , which indicated that the expression of Bmi-1 and EZH2 was heterogeneous and associated with vascular infiltration, histological grades and cell proliferativity in HCC and HC-CC. However, in conflict with our findings were the reports of Effendi et al (14) and Wang et al (16) , which indicated that Bmi-1 expression did not correlate with any clinicopathological parameters, including tumour size, histological differentiation, metastasis and recurrence. These differences across studies may be due to the tissue samples being obtained from HCC patients with different stages of disease or may reflect population differences. Notably, the distribution of disease stages in these studies differed. Another explanation for the discrepancies might be the different protocols used for immunohistochemistry, including antibody dilution, development time and the positive criteria applied, especially the score used to discriminate positivity. For example, in the study of Wang et al (16) , cytoplasmic staining of Bmi-1 was considered as positive as well; however, in the other three studies including ours, cells were considered positive for Bmi-1 only when nuclear staining was observed. To further understand the significance of Bmi-1 expression in HCC, multi-centre studies and additional samples are necessary.
Moreover, the Kaplan-Meier analysis showed that patients with positive Bmi-1 expression had significantly worse overall survival compared to patients with negative Bmi-1 expression, indicating that Bmi-1 protein may serve as a factor of poor prognosis for patients with HCC. The multivariate analysis found Bmi-1 expression could be an indicator of worse patient outcome, independently of known clinical prognostic indicators such as TNM stage. These data suggest that high Bmi-1 expression is correlated with worse patient outcome and may serve as an independent prognostic factor for patients with HCC, similar to pancreatic cancer (13) and nasopharyngeal carcinoma (20) .
An important finding of our study was that Bmi-1 was positively associated with metastasis and venous invasion of HCC. To further investigate the role of increasing Bmi-1 expression on HCC invasion, we stably knocked down Bmi-1 expression in two HCC cell lines by transfection with lentiviral vectors expressing Bmi-1-targeting shRNA. The suppression of Bmi-1 expression significantly inhibited the invasion of HCC cells in vitro. In breast cancer and nasopharyngeal cancer, silencing endogenous Bmi-1 expression can reduce the motility and invasiveness of cancer cells (20, 29) . Mouse xenograft studies indicate that coexpression of Bmi-1 and H-Ras in breast cancer cells can induce an aggressive and metastatic phenotype with an unusual occurrence of brain metastasis (30) . These findings indicate that Bmi-1 contributes to increased aggressive behaviour in cancer cells.
Tumour invasion and metastasis are complex, multistage processes by which cancer cells undergo genetic alternations that result in their acquisition of the ability to degrade and migrate through the extracellular matrix (ECM) (31) . Of the several families of ECM-degrading enzymes, the most extensive are matrix metalloproteinases (MMPs), which are a large family of structurally related zinc-endopeptidases that collectively degrade all essential components of ECM, including type IV collagen, laminin, proteoglycans and glycosaminoglycans (32) . Among the previously reported human MMPs, MMP-2 and MMP-9 play the most important roles in tumour invasion and metastasis because of their specificity for degrading the basement membrane (23, 33) . Many studies indicate that MMP-2 and MMP-9 are correlated with an aggressive, invasive or metastatic tumour phenotype and participate in the invasion and metastasis of cancers, including HCC (34, 35) .
Another important molecule involved in tumour cell invasion and metastasis is vascular endothelial growth factor (VEGF). Angiogenesis is essential for carcinogenesis and tumour growth and metastasis. The most potent tumour angiogenic factor, VEGF, can stimulate the proliferation of endothelial cells in many human cancers. VEGF expression is commonly upregulated in tumours and plays a key role in invasion and migration of tumour cells (36) , including HCC (22) .
These results indicate that MMP-2, MMP-9 and VEGF play an important role in HCC cell invasion. Therefore, we hypothesised that these metastasis-related proteins were involved in Bmi-1-mediated invasion. To test this hypothesis, we investigated the expression and activities of MMP-2, MMP-9 and VEGF. Bmi-1 knockdown decreased the expression and activities of MMP-2, MMP-9 and VEGF. These results suggest that Bmi-1 knockdown inhibits HCC cell invasion by suppression of MMP-2, MMP-9 and VEGF. Meng et al demonstrated that knockdown of Bmi-1 inhibits lung adenocarcinoma cell migration and metastasis by diminishing VEGF secretion via the PTEN/PI3K/Akt signalling pathway (37) and Jiang et al showed that Bmi-1 promotes the aggressiveness of glioma by activating the NF-κB/MMP-9 signalling pathway (38) . However, the potential mechanisms of interaction between Bmi-1, MMPs and VEGF in HCC invasion are poorly understood.
It is known that the PI3K/Akt signalling pathway is involved in many cellular processes including proliferation, apoptosis, cell cycle progression, cell motility, angiogenesis, invasion and metastasis (39) . The PI3K/Akt signalling pathway also regulates the expression of MMPs and VEGF (26, 27) . In this study, Bmi-1 knockdown reduced phosphorylated Akt levels, accompanied by inhibition of the protein expression and activities of MMP-2, MMP-9 and VEGF. We further found that inhibition of PI3K/Akt pathway with LY294002 in HCC cells with Bmi-1 shRNA did not block the invasion ability of these cells to a greater extent. Thus, downregulation of Bmi-1 leads to inhibition of the PI3K/Akt pathway and its downstream targets (MMP-2, MMP-9 and VEGF) and ultimately reduces the invasion of HCC cells.
The tumour suppressor gene PTEN is one of the most commonly lost or mutated phosphatase genes in a variety of human cancers, including HCC (40) . PTEN antagonises PI3K/ Akt signalling, thereby negatively regulating aggressive tumour behaviour. One previous study showed that upregulation of Bmi-1 can activate the PI3K/Akt pathway by downregulating the transcription of PTEN via a direct association with the PTEN gene locus (24) . We also found that Bmi-1 knockdown increased the expression of PTEN.
Taken together, Bmi-1 is upregulated in HCC tissues compared to adjacent normal liver tissues and overexpression of Bmi-1 is associated with tumour size, metastasis, venous invasion and AJCC TNM stage. High Bmi-1 expression is associated with the adverse prognosis of HCC and is an independent prognostic factor for overall survival. Bmi-1 enhances the invasion of HCC cells in vitro by inhibiting the expression of PTEN, thereby activating the PI3K/Akt pathway and ultimately increasing the expression and activity of MMP-2, MMP-9 and VEGF. Therefore, inhibition of Bmi-1 could be useful as a therapeutic strategy to inhibit invasion and improve survival in HCC.
